Whole exome sequencing (WES) is utilized in diagnostic odyssey cases to identify the underlying genetic cause associated with complex phenotypes. Recent publications suggest that WES reveals the genetic cause in~25% of these cases and is most successful when applied to children with neurological disease. The residual 75% of cases remain genetically elusive until more information becomes available in the literature or functional studies are pursued. WES performed on three families with presumed ciliopathy diagnoses, including orofaciodigital (OFD) syndrome, fetal encephalocele, or Joubertrelated disorder, identified compound heterozygous variants in C2CD3. Biallelic variants in C2CD3 have previously been associated with ciliopathies, including OFD syndrome type 14 (OFD14; MIM: 615948). As three of the six identified variants were predicted to affect splicing, exon-skipping analysis using either RNA sequencing or PCR-based methods were completed to determine the pathogenicity of these variants, and showed that each of the splicing variants led to a frameshifted protein product. Using these studies in combination with the 2015 ACMG guidelines, each of the six identified variants were classified as either pathogenic or likely pathogenic, and are therefore likely responsible for our patients' phenotypes. Each of the families had a distinct clinical phenotype and severity of disease, extending from lethal to viable. These findings highlight that there is a broad phenotypic spectrum associated with C2CD3-mediated disease and not all patients present with the typical features of OFD14.
Introduction
Ciliopathies are disorders of primary cilia that lead to a variety of phenotypes, including retinal degeneration, renal/ liver disease, neuronal anomalies, skeletal abnormalities, and laterality defects, reflecting the multiple roles that cilia play during development. These diseases have a spectrum of severities, from viable multiorgan anomalies to early onset lethality [1, 2] . Ciliopathy-associated proteins are mainly associated with the formation and function of cilia with variants in >70 genes attributing to the phenotypic constellation [1] . Ciliopathies can be further divided into different subtypes: Joubert syndrome with neurological, renal, and retinal phenotypes; orofaciodigital (OFD) syndrome with neuronal, oral, facial, and digital anomalies; Leber's congenital amaurosis with retinal anomalies; Bardet-Biedl syndrome with retinal, renal, digital, neurological phenotypes, and obesity; Alström syndrome with retinal, cardiac, neurological, auditory phenotypes, obesity, and insulin resistance; Jeune asphyxiating thoracic dystrophy with chondrodysplasia and respiratory insufficiency; Ellis van Creveld syndrome (EVC) with chondroectodermal dysplasia, digital, and facial anomalies; and Sensenbrenner syndrome, similar to EVC but with renal and facial anomalies [1, 3] . Despite the distinct disease groups, these syndromes have overlapping phenotypic features and genetic etiologies.
C2CD3 encodes for the C2 calcium-dependent domain containing three proteins involved in centriole elongation and cilia formation [4] . Recently, homozygous and compound heterozygous truncating and non-truncating variants in C2CD3 have been associated with ciliopathy-related disorders. Initially, three cases were reported: a sibling pair with homozygous c.184C>T, p.(Arg62*) variants, and an unrelated case with compound heterozygous variants, p.
[(Cys1029Gly)];[Ala1305Valfs*3] [5] . These cases presented with canonical OFD along with microcephaly and brain malformations. Based on these findings, a new subclass of orofaciodigital, type 14 (OFD14; MIM: 615948) was created, which expanded the traditional phenotypic spectrum of OFD, with malformations of the face, oral cavity, and digits, to include microcephaly and cerebral malformations [5] . Subsequently, two reports described three families diagnosed with Joubert syndrome to be caused by biallelic C2CD3 variants. These studies included one patient homozygous for c.184C>T, p.(Arg62*) and a second patient compound heterozygous for c. [ [7] . Finally, a recent report identified two affected fetuses with skeletal dysplasia due to c. [195G>C] ; [1492del] (p.[(Trp65Cys)];[(Ile477*)]) [8] . Taken together, these findings indicate that biallelic C2CD3 variants, irrespective of genotype, lead to a relatively broad spectrum of ciliopathy phenotypes.
Here, we describe three probands who presented with ciliopathy spectrum phenotypes, with clinical diagnoses of OFD, fetal encephalocele, or Joubert-related disorder. Whole exome sequencing (WES) was pursued in all three cases to elucidate the disease etiology. In all three cases, biallelic variants were identified in C2CD3. These cases illustrate how a comprehensive screening strategy can be valuable to determining the primary defect in phenotypically complex diseases, like ciliopathies, and broaden the phenotypic spectrum associated with C2CD3 variants.
Materials/subjects and methods

Study subjects
Family 1 was seen at Mayo Clinic and referred to the Center for Individualized Medicine by Clinical Genomics for further variant interpretation and functional validation studies. Family 2 was identified in Rhode Island and samples were forwarded to Mayo Clinic for ciliopathy gene screening. Family 3 was seen at the Royal University Hospital in Saskatoon, Canada. The families were consented to studies approved by the Mayo Clinic Institutional Review Board (IRB-12-009346 and IRB-285-00) and permission was obtained to publish photographs (where applicable) and the pertinent clinical information.
Whole exome sequencing
Clinical WES for the proband in Family 1 was performed at Baylor Genetics (custom capture), for the proband in Family 2 research WES was performed at the Mayo Clinic Medical Genome Facility (Agilent SureSelect v5 WES kit for capture), and for the proband in Family 3 clinical WES was performed at GeneDx (Agilent Clinical Research Exome kit for capture). WES for each case was completed on an Illumia HiSeq platform with 100 basepair paired-end reads. Quality control metrics of the sequencing data were generally achieved: >70% of reads aligned to target, 95% of target bases covered at >20×, 85% of target bases covered at >40×, mean coverage of the target bases was >100× for Baylor Genetics clinical exome, or variants with a quality score >20 and a read depth >10× for the Mayo Clinic research exome, or the mean depth of coverage was 64× and 94.6% of the exome was covered by at least 10× coverage for the GeneDx clinical exome. Bi-directional sequence was generated, aligned to reference gene sequences based on the Human Genome build GRCh37/UCSC hg19 and analyzed for sequence variants using either Baylor Genetics developed tools (Baylor Genetics clinical exome) or an in-house developed workflow following GATK best practice standards [9] , and subsequently mined using GoldenHelix SNP and Variation Suite (Mayo Clinic research exome) where all genes were screened and evaluated for classic recessive, de novo + parental allele, and compound heterozygous inheritance at ≤0.5% minor allele frequency in the publically available databases (de novo ≤1%), or using a custom-developed analysis tool (Xome Analyzer; GeneDx clinical exome). Variants related to patient phenotypes were confirmed by capillary sequencing for patient and parental samples. C2CD3 variants were annotated using hg19, NM_001286577.1, NG_041791.1. The variants identified in C2CD3 have been submitted to the gene variant database at www.LOVD.nl/C2CD3 (individual IDs: 00163842, 00163924, and 00163925).
Skin biopsy, fibroblast culture, RNA isolation, and RNA sequencing for the proband in Family 1
A fibroblast sample was harvested from surgical waste (removed digit) from the proband in Family 1. The biopsy was minced, transferred to the bottom of a T-25 culture flask, and cultured in minimal essential media supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% antibiotics/antimycotics. Cultures were maintained at 37°C in a 5% CO 2 and 5% O 2 incubator and media was replaced after 1 week. Once the fibroblasts had grown to~50% confluency, cells were trypsinized and replated into a T-75 flask. Once the T-75 reached 80-90% confluency, the cells were harvested for RNA. For translation inhibition, 6 h before harvesting, the cultured fibroblasts in T-75 flask were incubated with puromycin readymade solution (Sigma Aldrich, St. Louis, MO), at a final concentration of 100 µg/mL. Cells from flasks untreated and treated with puromycin were scraped, counted, and resuspended in 0.75 mL of Qiazol solution (Qiagen, Germantown, MD) for 0.25 mL of sample, and frozen at −80°C. RNA was isolated using the miRNeasy Mini Kit (Qiagen, Germantown, MD) following the standard protocol.
RNA libraries were prepared according to the manufacturer's instructions for the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA). Unique indexes, included in the standard TruSeq Kits (12-Set A and 12-Set B) were incorporated at the adapter ligation step for multiplex sample loading on the flow cells. The concentration and size distribution of the libraries were determined on an Agilent Bioanalyzer DNA 1000 chip (Santa Clara, CA). A final quantification, using Qubit fluorometry (Invitrogen, Carlsbad, CA), was done to confirm sample concentration.
Two RNA-seq libraries per lane were loaded onto flow cells at concentrations of 8-10 pM to generate cluster densities of 700,000-800,000/mm 2 following Illumina's standard protocol using either the Illumina cBot or HiSeq 2500 and TruSeq Rapid Paired-End cluster kit version 1. The flow cells were sequenced as 100 basepair paired-end reads on an Illumina HiSeq 2500 using TruSeq Rapid SBS sequencing kit version 1 and HCS version 2.0.12.0 data collection software. Base-calling was performed using Illumina's RTA version 1.17.21.3.
RNA-sequencing analysis was performed using MAPRSeq [10] . Reads were aligned to the human genome (hg19) and transcriptome using Tophat2 [11] running Bowtie (v1) [12] . Gene and exon level read counts were generated using HiSeq [13] and BedTools [14] , respectively.
PCR method for cDNA analysis for the proband in Family 2 RNA was isolated from the proband's kidney (Family 2) using a standard TRIzol protocol. Kidney tissue from a PKD1 patient was used as a control. cDNA was synthesized using the Invitrogen Superscript III protocol. The splice alteration was assessed using a standard PCR protocol with primers spanning C2CD3 exons 16-20 and resolved on a 2% agarose gel.
Statistical methods
R [15] and lme4 [16] were utilized to apply linear mixedeffects models for comparing reads per kilobase per million mapped reads (RPKM) values, with group (patient vs. control) and variants as fixed effects, and subject and replication as random effects. Values in bar graphs were compared using a Student's T test.
Clinical descriptions
Family 1
The proband in Family 1 had anomalies noted prenatally including unilateral upper extremity (left) and bilateral lower extremity postaxial polydactyly, suspected cleft palate, micrognathia, and microcephaly. The pregnancy was complicated by intrauterine growth restriction (IUGR) and polyhydramnios. This child was the product of the second pregnancy born at 38-6/7 weeks via spontaneous vaginal delivery (Fig. 1a, III. 2). The delivery was complicated by non-reassuring fetal signs and respiratory distress with Apgar scores of 4 and 8 at 1 and 5 min, respectively. His birth length, weight, and head circumference were 47.5 cm (11th centile), 2.43 kg (<2nd centile), and 30 cm (<2nd centile), respectively. Clinical examination after birth revealed submucous cleft palate, incomplete cleft of the upper lip, maxillary and mandibular alveolar clefting, natal tooth on mandibular alveolus, lingual masses (lipomas and fibroma with ossification), microretrognathia, bilateral cryptorchidism, hypotonia, microcephaly, bilateral retinal colobomas, and postaxial polydactyly of the feet and left hand ( Fig. 1b-h ).
Due to a suspected ciliopathy, a brain MRI, renal ultrasound, and echocardiogram were completed. MRI demonstrated a Dandy-Walker malformation (DWM), "molar tooth" sign (MTS) (Fig. 1d) , bilateral symmetric hyposulcation of the brain with rudimentary/absent sylvian fissures, insula and operculum, subependymal gray matter heterotopia, and rudimentary appearing hippocampal formations. The renal ultrasound showed bilateral pelviectasis and echocardiogram identified a small patent ductus arteriosus (PDA). At 23 months of age, the patient was tracheostomy and gastrostomy dependent, had global developmental delays, microcephaly, and sleep-disordered breathing.
The proband's sister in Family 1 (Fig. 1a , III.1) had a history of similar congenital abnormalities including microcephaly, ankyloglossia, bifid tongue, tongue hamartomas, incomplete cleft of the upper lip, polydactyly of all four extremities, and bilateral optic nerve colobomas ( Fig. 1h-l) . She also had global developmental delay and microcephaly (<3rd centile). On MRI, she had a simplified gyral pattern, limbic system hypoplasia, mild cerebellar hypoplasia, and gray matter heterotopia. She carried a clinical diagnosis of OFD and had normal SNP array and karyotype, and negative molecular testing of OFD1.
Family 2
The mother was a 22-year-old with her fourth pregnancy (II.4; the third with the proband's father; Fig. 1m ). A Level II ultrasound at 14 weeks identified a posterior encephalocele and fetal echocardiogram detected a ventricular septal defect (VSD). The fetus was terminated and the postmortem examination noted multiple abnormalities, including occipital encephalocele, sloping forehead, microretrognathia, a VSD, short webbed neck, and bifid tongue. The fetus had a normal karyotype and although polydactyly was suspected by ultrasound examination, this was not confirmed on fetal examination. Microscopic analysis, including of the kidney and liver, was normal.
A pregnancy 6 months earlier had similar abnormalities (II.3). A Level II ultrasound at 13 weeks identified a large and apparently open occipital encephalocele with protruding brain tissue, leading to the decision to terminate the pregnancy. From the perinatal examination, a 1 cm vertebral defect in the lumbosacral area was noted. The karyotype was normal, and microscopic analysis of the heart, kidneys, eye, and adrenal gland did not show any abnormalities. No material was collected for DNA analysis. The other two children (II.1 and II.2) were normal.
Family 3
The mother was a 17-year-old with her first pregnancy, and used tobacco throughout the pregnancy and marijuana very early in the pregnancy. Her first ultrasound at 13 weeks had concerns for increased nuchal translucency (3.6 mm). Subsequent ultrasounds were done regularly due to fetal anomalies including IUGR, shortening of the long bones suggestive of skeletal dysplasia, bilateral ventriculomegaly, polyhydramnios, prefrontal edema, prominent upper lip, micrognathia, and a small stomach with no bubble. MRI revealed enlarged lateral ventricles associated with mild 3rd and 4th ventriculomegaly and suspected hypoplasia of cerebellar vermis raising suspicion of a DWM, as well as a small stomach, large pharynx and hypopharynx, and normal thorax with no cardiac or renal anomalies. At 26 weeks, amniocentisis was performed and the karyotype was that of a normal male.
The mother went into spontaneous labor at 38-3/7 weeks and the proband was delivered vaginally (Fig. 1m, II.1) . Apgar scores were 6 and 8 at five and ten minutes, respectively. The birthweight, length, and head circumference were in the 10th (2.85 kg), 10th, and 50th centiles, respectively. The initial exam revealed significant micrognathia, malformed nodular tongue with absence of the anterior 3rd of the tongue, tight frenulum, bilaterally low-set posteriorly rotated ears, bulbous nose with long vertical crease (Fig. 1n-q) , and very mild epispadias. Skeletal survey was normal. Mild respiratory distress and tonic posturing with myoclonic jerks were noted around 1 day of age with initial abnormal EEG; however, followup EEG was normal and seizures were ruled out. Brain MRI showed MTS, dilation of 3rd and 4th ventricles, midline cerebellar cleft, thinning of the corpus callosum with atrophy of the posterior aspect of the body and absence of the splenium; consistent with a diagnosis of Joubert syndrome. Renal ultrasound showed normal development of kidney and liver.
At 13 months of age, he continued to have significant paroxysmal events, requiring external chest compressions every 10 days, often triggered by vagal stimulation. At last follow-up, he was fed via G-tube to prevent aspiration, and had bilateral retina colobomas. He had reduced tone throughout; however, upper extremities were stiff. He continued to have developmental delays. Microarray and Joubert syndrome panel (sequencing and deletion duplication analysis of 13 genes) were normal. Leu43Arg) ), in the three probands (Table 1) . Each proband inherited two C2CD3 variants and segregation analysis indicated that they were inherited in trans (Fig. 1) . The six variants were either not present in gnomAD, or at an extremely low frequency (<0.001%), and all six variants were predicted by ≥3 in silico tools to either affect protein function, or disrupt splicing ( Table 1) . The proband in Family 1 had a similarly affected sister, who also harbored the same two C2CD3 variants. Samples were unavailable for Family 2's similarly affected sibling. While five of the six variants were novel, one of the identified missense variants, c.5227G>T, p.(Gly1743Cys), had been previously reported in trans with a nonsense variant (c.5929C>T, p.Arg1977*), in two siblings affected with Joubert syndrome with severe global developmental delay and swallowing difficulties, oromotor apraxia, and gastrostomy (Table 2 ; [7, [17] [18] [19] [20] [21] [22] [23] [24] [25] ). Because the pathogenicity of the three splice variants, c.1365+1G>A, c.5090+5G>C, and c.3342C>T, was not known, functional studies were pursued to determine the impact of these variants on C2CD3 transcripts.
Results
Whole exome sequencing
RNA sequencing for the proband in Family 1 revealed reduced C2CD3 transcript expression and exon skipping for c.1365+1G>A and c.5090+5G>A
For the proband in Family 1, RNA sequencing was performed to examine gene expression, intron retention, and exon skipping for both of the putative splice variants, c.1365+1G>A and c.5090+5G>A. To examine overall RNA expression for C2CD3, RPKMs for each exon of the gene were plotted and showed reduced expression relative to tissue-matched controls throughout the entire C2CD3 gene (Fig. 2a) . Using a linear mixed-effect model, we found that the proband (Family 1) had significantly lower RPKM values, 1.7328 ± 0.2297 (± standard error; χ 2 (1) = 8.9825; p = 0.002726; Fig. 2a) . As the proband (Family 1) had statistically reduced expression of C2CD3, we hypothesized that both alleles were likely affected by nonsense-mediated decay.
In an attempt to elucidate the cause of reduced RNA expression, we examined the rate of intron retention. At the exon 8-intron 8 boundary where the c.1365+1G>A variant resides, there were no read-through events into the intron (data not shown). Interestingly, at the exon 25-intron 25 boundary where the c.5090+5G>C variant resides, there were a handful of read-through events into the intron, which were not present in control samples ( Supplementary Fig. 1 ). However, these findings were not statistically significant and therefore not responsible for the reduction in transcript expression as seen in Fig. 2a .
Next, we utilized the RNA-sequencing data to examine exon-skipping events for the proband (Family 1). Sashimi plots showed that the c.1365+1G>A variant led to normal splicing 66% of the time; however 28% of the reads spliced directly from exon 7 to exon 9, skipping exon 8, which was not observed in our controls (Fig. 2b) . Skipping of exon 8 (r.1217_1365del) led to an out-of-frame protein product with a premature stop codon, p.Ser406Argfs*23. Sashimi plots also showed that the c.5090+5G>C variant led to normal splicing 58% of the time, however 35% of the reads resulted in splicing from exon 24 to exon 26, skipping exon 25. Skipping of exon 25 (r.1491_5090del) also led to an out-of-frame protein product with a premature stop codon, p.Ser1652Tyrfs*26 (Fig. 2c) . Quantification of skipped reads for each variant are shown in bar graphs and are statistically distinct from controls (Fig. 2d, e) .
Puromycin blocks translation, which in turn blocks nonsense-mediated decay; therefore, application of puromycin can "rescue" transcripts undergoing nonsensemediated decay (NMD). Fibroblasts cultured from the proband (Family 1) and two control samples that were exposed to puromycin resulted in RPKM values that were no longer statistically distinct from our controls (Supplementary Fig. 2) , suggesting "rescue" of the mRNA transcripts undergoing nonsense-mediated decay. This "rescue" effect was seen for all exons except 8 and 25 ( Supplementary Fig. 3 ), which is consistent with the exonskipping events observed in the Sashimi plots from our untreated RNA samples. This data provides evidence that the exon-skipping events, resulting in out-of-frame transcripts, lead to NMD, which in turn led to the reduced transcript expression of C2CD3 in the proband (Family 1; Fig. 2a ).
PCR-based cDNA examination of the c.3342C>T C2CD3 variant from the proband in Family 2 revealed an impact on splicing
The c.3342C>T variant is located three nucleotides before the end of exon 18 and predicted to have an impact on splicing by several in silico algorithms (Table 1) ; therefore, functional characterization was pursued. cDNA analysis using RNA isolated from a control and a kidney sample from the proband (Family 2) was completed to examine exons 16-20. As observed in Fig. 3a , the control sample amplified a single WT product (black arrow), while the proband (Family 2) also had an alternative splice product (red arrow). Sanger sequencing completed on the cDNA PCR products showed normal splicing from exon 17 to exon 18 and exon 18 to exon 19 for the WT product (Fig. 3b) . The alternative product (red arrow) from the proband (Family 2) showed skipping of exon 18 (r.3160_3344del), which resulted in a frameshift with a premature stop codon, p.Gly1054Aspfs*7. 
Discussion
Our examination of three families (five patients) with varied ciliopathy phenotypes showed that their phenotypes were due to biallelic variants in C2CD3. The variants were splicing or missense changes and scattered across the protein (Fig. 4) . Five of the variants were novel, but one, c.5227G>T, p.(Gly1743Cys), was previously identified in trans with a nonsense variant, c.5929C>T, p.Arg1977* in two siblings with Joubert syndrome (Tables 1 and 2 ) [7] . The cDNA analysis convincingly showed that the splicing changes (even the atypical ones) resulted in the generation of frameshifted proteins with high levels of penetrance. Taken altogether, using the RNA/cDNA analyses, segregation analysis, in silico predictions, population evaluation, and the ciliopathy phenotype, we were able to establish that all six identified variants were either pathogenic or likely pathogenic using the 2015 ACMG guidelines (Table 1) . These classifications allowed for a genetic diagnosis of a C2CD3-mediated ciliopathy to be made for each of the three probands, one affected sibling ( While examining the clinical characteristics of our three probands and the two similarly affected siblings, we found significant overlap; however, not all of the phenotypes were the same and in some instances different organ systems were involved (Table 2 ). In addition, viability was strikingly different between the families. All of our patients had neuronal (five of five), most had oral (four of five) and facial anomalies (four of five), three had retinal phenotypes, two had digital phenotypes, congenital heart defects, and [7] , ˄ [8] skeletal findings, and the affected males had genital anomalies. Interestingly, renal disease, nephronophthisis or polycystic kidney disease, common in many ciliopathies, were not found in our cases with the exception of pelviectasis in the proband in Family 1. Most of the observed phenotypes have been described in the context of ciliopathies, although the severity varied, especially for the neuronal phenotypes. Interestingly, phenotypes were unique between families and the variants themselves could not predict the phenotypic presentation. Despite differences observed between probands, not surprisingly affected siblings within our study had the most phenotypic overlap. The WES did not identify other clear ciliopathy alleles that may be modulating the phenotype. Similar trends of phenotypic diversity have been observed in the five other described families (nine patients; Tables 2 and 3) . Following the initial publication of three cases, OFD14 was defined as an autosomal recessive disorder caused by loss-of-function variants in C2CD3 in patients with OFD, malformations of the face, oral cavity, and digits, with microcephaly and cerebral malformations [5] . Subsequently, six additional ciliopathy cases described as Joubert syndrome or skeletal dysplasias have been identified with biallelic variants in C2CD3 (Table 2 ; Fig. 4 ) [6] [7] [8] . Interestingly, like the cases described herein, these cases did not all clearly fit within the clinical description of OFD14; rather, these cases fell along a ciliopathy spectrum, ranging from Joubert (cases 6-7), to OFD14 (cases 1-3), to skeletal dysplasias (cases 8-9; Table 2 , Fig. 4 ) [6] [7] [8] . Similar to the cases in our study, previously published sibling pairs had similar clinical presentations. While all cases published and herein presented with features consistent with ciliopathies, the only truly consistent finding across all was brain malformations (Table 3) . Interestingly, the first description of C2CD3-mediated OFD14 included cerebral malformations along with microcephaly as key features of the disorder; however, only 5 of 12 cases described have shown to be microcephalic. While these numbers could be slightly underestimated, as it is not clear if all features were assessed for in each case, not all cases of C2CD3-mediated ciliopathy present with microcephaly. Most cases presented with either MTS, DWM, or both, which is supportive of Joubert syndrome and related disorders. Oral, facial, digital, and retinal findings were common however not uniform across cases, whereas renal and skeletal anomalies were more rare. While Table 3 can start to inform features that may be present in cases with C2CD3-mediated ciliopathy, additional cases are necessary to really understand the phenotypic spectrum.
On a genotype basis, most cases have at least one missense allele (and therefore may not be completely inactivating), but three were homozygous for a nonsense variant. The variants are also spread throughout the protein (Fig. 4) . With so few cases and such varied phenotypes ( Table 2 , Fig. 4 ), it is difficult to identify specific genotype-phenotype correlations and determine whether the types of variants or the location within the protein has an impact on the patient's phenotype and disease manifestation. However, because siblings presented similarly, it is interesting to hypothesize that the C2CD3 genotype and the underlying genetic background play a role in the patient's phenotype.
C2CD3 encodes a C2 calcium-dependent domain containing three proteins. A previously described C2cd3 knockout mouse model named Hearty showed strikingly similar phenotypes to patients with biallelic C2CD3 variants [4, 26] . A chicken with an OFD phenotype, talpid 2 , due to variants in C2cd3 has also been examined to understand the OFD phenotype [27, 28] . To further understand the mechanism of disease, Thauvin-Robinet and colleagues performed functional studies and identified that C2CD3 is Table 3 Phenotypic summary of newly described and previously described cases (n = 12) involved in centriole elongation and cilia formation [5] . Interestingly, OFD1, which has been previously associated with OFD syndrome, acts as an antagonist to C2CD3. Taken together, Thauvin-Robinet and colleagues suggested that regulation of centriole length is a pathogenic mechanism related to ciliopathy phenotypes.
Overall, the phenotypic findings within this study and those previously described present a phenomenon that is commonplace in ciliopathies and occurs frequently in the next-generation sequencing era. Before genotypic information was known for many genetic diseases, these diseases were defined phenotypically, which was appropriate based on the available information. Based on phenotypic descriptions, different disease entities were created, like Joubert syndrome, skeletal dysplasias, OFD, and so on, defined using the organ systems involved and the phenotypic presentation of the affected individuals. In the ciliopathies, we now find that multiple genes cause the "same" disease and that the same gene causes multiple different "diseases" [1] . Now diseases can be described by the genetic cause, although as seen here, the resulting phenotypes can be quite varied, likely due to genetic and nongenetic inputs beyond the disease gene. With our expanding knowledge of genotypic information and a better understanding of human disease mechanisms, decisions will have to be made as to whether diseases should be primarily defined by their phenotypic sequelae, their underlying genotype, or if a combined naming system makes most sense.
Based on the findings of this study along with previously published cases, we confidently conclude that biallelic variants in C2CD3 are capable of causing a spectrum of ciliopathy disorders. The identification of the etiology in these syndromic diseases has allowed for more patients to receive a firm diagnosis for their underlying ciliopathy, which in some cases can be used for family planning strategies and a better understanding of disease progression and severity. As more C2CD3 cases are identified, the scientific community will better understand the role of C2CD3 in ciliopathies and whether genotype-phenotype correlations exist.
